Background: TbBILBO1 is the only known component of the flagellar pocket collar, a cytoskeletal structure in the parasite Trypanosoma brucei. Results: The TbBILBO1 N-terminal domain has a ubiquitin-like fold with a conserved surface patch; overexpression of constructs with a mutagenized patch is lethal. Conclusion: The conserved surface patch is essential for TbBILBO1 function. Significance: The surface patch is a potential therapeutic target.
TbBILBO1 is the only known component of the flagellar pocket collar, a cytoskeletal barrier element found in trypanosomes. The N-terminal domain (NTD) of TbBILBO1 was found to be dispensable for targeting of the protein in vivo. However, overexpression of constructs lacking the NTD caused complete growth inhibition, implying an essential requirement for this domain. A high resolution structure of the NTD of TbBILBO1 showed that it forms a ubiquitin-like fold with a conserved surface patch. Mutagenesis of this patch recapitulated the phenotypic effects of deleting the entire domain and was found to cause cell death. The surface patch on the NTD of TbBILBO1 is therefore a potential drug target.
Trypanosomes are protists belonging to the class Kinetoplastida, one of the early branching lineages on the eukaryotic tree (1) . Trypanosomes follow an exclusively parasitic lifestyle and are significant pathogens of both humans and livestock worldwide. In humans, Trypanosoma brucei causes sleeping sickness in Africa, Trypanosoma cruzi causes Chagas disease in the tropical areas in Central and South America, and Leishmania species are responsible for leishmaniasis in Africa and South Asia (2) (3) (4) . Currently, there is no vaccine and few available drugs. Many of the drugs that are currently in use are inadequate due to high incidences of (sometimes lethal) side effects (5, 6) . Therefore, there are compelling reasons to identify and characterize novel drug targets.
Trypanosome cells are enclosed in a corset of microtubules that run beneath the plasma membrane, giving them their char-acteristic serpentine shape (7) . A single flagellum runs from the posterior to the anterior end of the cell and imparts motility (27) . The root of the flagellum is within an invagination of the plasma membrane called the flagellar pocket (FP), 4 which is abutted by the basal body nucleating the flagellum (8) . Even though it constitutes only ϳ5% of the total plasma membrane, the FP is the sole site for all endo-and exocytic activities (9 -11) . At the neck of the FP is an electron-dense structure termed the flagellar pocket collar (FPC). The protein TbBILBO1 is the only known FPC component (12) . It was shown previously that depletion of TbBILBO1 by RNAi prevents FP and FPC biogenesis and leads to cell death (12) . Orthologs of TbBILBO1 are found in all trypanosomatids, but no homologous protein is present in humans. As such, TbBILBO1 represents a plausible candidate for rational drug design.
TbBILBO1 is a modular protein with a distinct N-terminal domain (NTD). The results described here provide a high resolution structure for this domain and a demonstration of its essential requirement in vivo. In particular, a conserved surface patch was implicated as a potential site for pharmacological blockade.
cose ( 13 C, 99%) were purchased from Cambridge Isotope Laboratories, Inc. and Euriso-top, respectively.
Cloning and Site-directed Mutagenesis-The full-length TbBILBO1 (TbBILBO1-FL) open reading frame was amplified by PCR from genomic DNA and ligated into the custom vector HM15b. The vector provides an N-terminal His 6 tag (cleavable by thrombin) and an N-terminal maltose-binding protein tag. All TbBILBO1 constructs were subcloned from TbBILBO1-FL.
TbBILBO1 localization constructs were generated by amplification of the relevant portions of the TbBILBO1 open reading frame by PCR, with addition of a BamHI restriction enzyme site and a 5Ј-end Ty1 epitope tag. The PCR products were ligated into the pXS2 expression vector using the BamHI site to generate the pXS2-TbBILBO1 plasmids (14) .
The TbBILBO1-NTD (encoding residues 1-110) for NMR structure determination was cloned into pET15b (Novagen). For the generation of stable cell lines, the TbBILBO1-FL and TbBILBO1-⌬NTD (encoding residues 111-587) open reading frames were amplified from the HM15b-TbBILBO1-FL shuttle vector by PCR with the addition of HindIII and BamHI restriction enzyme sites and a 5Ј-end sequence encoding a Ty1 epitope tag. They were ligated into the pLEW100 expression vector using HindIII and BamHI sites to generate the pLEW100-TbBILBO1 plasmids.
Mutations in the NTD of TbBILBO1 were generated by sitedirected mutagenesis on the pLEW100-TbBILBO1-FL plasmid using a QuikChange kit (Stratagene) according to the manufacturer's instructions. Incorporation of mutations was confirmed by DNA sequencing. Two sets of mutations were generated, encoding Ty1-TbBILBO1-Mut1 (F12A, K15A, K60A, and K62A) and Ty1-TbBILBO1-Mut2 (W71A, Y87A, and F89A).
Cell Lines, Culture, and Generation-The procyclic T. brucei 29.13 strain was used to generate cells inducibly expressing Ty1-TbBILBO1 constructs (TbBILBO1-FL, -⌬NTD, -Mut1, and -Mut2) (13) . The pLEW100_TbBILBO1 constructs were linearized by NotI digestion, and 30 g was used to transfect 5 ϫ 10 7 29.13 cells by electroporation. Electroporation was carried out using a Gene Pulser XCell (Bio-Rad) with the following parameters: 1500 V, 25 microfarads, 2 pulses with a 10-s interval. Stable transformants were selected for growth in SDM79 medium supplemented with 5 g/ml phleomycin by limiting dilution. Putative clones were screened for integration of the targeting construct in the genome by PCR using genomic DNA as a template and primers that annealed within the Ty1 epitope and the 3Ј site of TbBILBO1 open reading frame. Genomic DNA was isolated using DNeasy genomic DNA isolation kits (Qiagen). The presence of the engineered point mutations in the mutagenesis constructs was further confirmed by sequencing PCR products obtained from amplification of the integrated transgenes. Inducible expression of Ty1-TbBILBO1 constructs was confirmed by immunoblot and immunofluorescence analysis using anti-Ty1 antibodies.
The procyclic T. brucei 427 Lister strain was used for localization of TbBILBO1 targeting constructs. Cells were cultured in SDM79 medium supplemented with 7.5 g/ml hemin, 20% (w/v) heat-inactivated fetal calf serum (Sigma-Aldrich) at 27°C. 29.13 cells additionally required 15 g/ml neomycin and 50 g/ml hygromycin to maintain T7 polymerase and tetracycline repressor transgenes.
Protein Expression and Purification-For NMR structure determination, Escherichia coli BL21 (DE3) bacteria were transformed with TbBILBO1-NTD (pET15b) and grown in LB medium (37°C, overnight). The starter culture was then diluted 1:1000 (v/v) in M9 minimal medium containing 1 g/liter 15 NH 4 Cl as the sole nitrogen source and 1 g/liter D-[ 13 C]glucose as the sole carbon source. Bacteria were grown at 37°C to an A 600 ϳ0.6 -0.8 and then subjected to cold shock (ice, 30 min). Recombinant protein expression was induced by addition of 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside, and protein production was continued (16°C, overnight). Cells were harvested by centrifugation in a Sorvall GS3 rotor (6,000 ϫ g, 12 min, 4°C) and resuspended in 25 ml of lysis buffer (50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole, 5% (v/v) glycerol) per liter of expression culture.
Bacteria were lysed in an EmulsiFlex-C3 homogenizer (Avestin) and then centrifuged (40,000 ϫ g, 40 min, 4°C) to remove cell debris. The supernatant was filtered (0.45-m pore size) and loaded onto a Ni-HiTrap column (GE Healthcare) preequilibrated with the same lysis buffer. The column was washed with 5ϫ column volume of lysis buffer, and bound protein was eluted by a linear gradient concentration of imidazole (20 -600 mM, 10ϫ column volume) in the lysis buffer. The N-terminal His 6 tag was removed by incubation with 2% (w/w) of thrombin (4°C, overnight). The protein was concentrated to 2 ml by centrifugation in an Ultra-15 Centrifugal Filter Unit (Amicon) with a 3-kDa molecular mass cut-off and further purified on a Superdex-200 16/60 column (GE Healthcare) preequilibrated with 20 mM sodium phosphate buffer (pH 7.8) and 100 mM NaCl. The protein was then concentrated to ϳ1 mM with a volume of 0.5 ml for NMR measurements. For rotary metal shadowing EM experiments, the starter cultures of the TbBILBO1 truncation constructs were diluted in LB medium and grown and lysed as described above. The filtered supernatants were loaded onto a Ni-HiTrap column as described above.
NMR Spectroscopy and Structure Calculations-All NMR experiments were performed at 298 K on Varian Inova 500 MHz and 800 MHz and Varian Direct Drive 600 MHz spectrometers equipped with 5-mm triple resonance probes and pulsed field gradients. NMR spectra were processed with NMRipe and analyzed with Sparky software (15) . NMR samples had a concentration of ϳ1 mM for triple resonance experiments or structure determination. In addition, the sample contained 5-10% (v/v) 2 H 2 O for field/frequency lock as well as 0.1-0.2% (w/v) NaN 3 to inhibit bacterial growth.
Backbone signal assignment for the TbBILBO1-NTD was obtained by a suite of standard (sensitivity enhanced) threedimensional triple resonance experiments that are acquired in pairs: HNCA/HN(CO)CA, CBCA(CO)NH/HNCACB, HN(CA)CO/HNCO were recorded for sequential backbone chemical shift assignment. Side chain signal assignment of the TbBILBO1-NTD was obtained from three-dimensional TOCSY-15 N HSQC, HNHA, HCCH-TOCSY, and NOE identification and assignment was obtained from three-dimensional NOE spectroscopy, three-dimensional NOESY-15 N HSQC, and three-dimensional NOESY-13 C HSQC. Backbone chemical shifts were analyzed using TALOS software (16) .
To determine a detailed solution structure of the TbBILBO1-NTD, a simulated annealing procedure using the Xplor-NIH software package (version 2.17 and above) was used for structure calculations (17) . A set of structures was calculated with 1,832 experimentally observed NOE constraints from threedimensional 15 N and 13 C NOESY-HSQC together with 140 backbone torsion angle predictions from TALOS based on chemical shift homology ( Table 1 ). Final NMR structures were selected for minimal restraint violation and minimal total energy. Structure analysis and calculation of backbone coordinate root mean square deviation values were performed using MOLMOL (18) .
Growth Inhibition Assay-Cells (seeded at 2 ϫ 10 6 cells/ml) were grown in 10 ml of SDM79 medium with the addition of 0, 5, 10, 20, 40, and 50 ng/ml tetracycline each day to induce and maintain protein expression. A 4-day time course was followed. Culture densities (cells/ml) were measured with a Z2 coulter (Beckman Coulter) every day, and 2 ml of each was taken for immunoblotting analysis. Growth inhibition due to expression of a TbBILBO1 construct at a given tetracycline concentration was calculated after 4 days with the following formula: Inhibition (%) ϭ 100 Ϫ x * 100/x 0 , where x is the cell concentration at a given tetracycline concentration and x 0 is the cell concentration in the control (uninduced) population. The results were then plotted against tetracycline concentration using Sigma-Plot software. Tetracycline concentration required to reduce 50% of cells growth (IC 50 ) was determined from experimental cells growth versus drug concentrations by fitting the rectangular hyperbolic function: I ϭ I max C/(IC 50 ϩ C), where I is percentage of inhibition, I max is 100% inhibition, and C is tetracycline concentration (19) .
Propidium Iodide/Annexin V Viability Assay-Cells (5 ϫ 10 6 ) were centrifuged (800 ϫ g, 5 min) and washed with PBS. The cell pellet was resuspended in 500 l of Annexin V-binding buffer (10 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, 2.5 mM CaCl 2 ), and Annexin V-FITC and propidium iodide were added to a final concentration of 5 g/ml. The suspension was incubated in the dark for 10 min, and the fluorescence intensity was measured on FACS Calibur flow cytometer (BD Biosciences) and analyzed by FlowJo software (version 8.8.7).
Immunofluorescence Microscopy-Cells were washed with PBS, attached to coverslips by centrifugation (3,000 ϫ g, 5 s), and fixed in 4% (w/v) paraformaldehyde (20 min, room temperature). Fixed cells were washed with PBS, permeabilized with 0.25% Triton X-100 in PBS (v/v) (5 min, room temperature), washed again with PBS, and blocked with 3% BSA in PBS (w/v) (30 min, room temperature). The coverslips were incubated in a humidified chamber with primary antibodies diluted in PBS (60 min, room temperature), washed three times with PBS, and then incubated with secondary antibodies diluted in PBS (60 min, room temperature). After three washes with PBS, the coverslips were rinsed with Milli-Q water and mounted on glass slides using Fluoromount G ϩ DAPI (Southern Biotech). For preparation of detergent-extracted cytoskeletons, the cells were incubated in PEME buffer (0.1 M PIPES-NaOH (pH 6.9), 2 mM EGTA, 1 mM MgSO 4 , 0.1 mM EDTA) ϩ 0.5% (v/v) Nonidet P-40) (5 min, room temperature), washed three times with PBS, and then treated as described previously for intact cells. Cells were imaged using an inverted microscope (Axio Observer Z1, Carl Zeiss Microimaging) equipped with a PCO 1600 camera (PCO) and using manufacturer's drivers in a custom C ϩϩ program. A 100ϫ/1.46 Plan-APOCHROMAT oil immersion lens and Immersol 518F (Zeiss) immersion oil were used. Image processing was carried out using ImageJ and Adobe Photoshop CS3 software.
Accession Code-Coordinates and structure factors of the TbBILBO1-NTD NMR structure have been deposited in the Protein Data Bank (PDB) under accession code 2MEK.
RESULTS

Domain Organization and Targeting of TbBILBO1-
TbBILBO1 is a modular protein with three structural domains. In order, they are (i) an NTD (residues 1-110), (ii) two tandem EF-hand motifs (residues 183-249), and (iii) a coiled coil domain (residues 263-578) (Fig. 1A) . The three domains pack closely together in the primary sequence, with the exception of a linker region that lies between the NTD and the EF-hand motifs. In a protein BLAST search of the Protein Data Bank at the NCBI website using the primary sequence of TbBILBO1, no known structures were found to be homologous to the TbBILBO1-NTD. This implied that the NTD might have a novel fold.
To determine whether the NTD was responsible for TbBILBO1 targeting to the FPC, YFP-tagged truncation constructs were tested (Fig. 1B) . These constructs were transiently expressed in T. brucei and their localization analyzed by immunofluorescence microscopy. Full-length (FL) TbBILBO1 localized to a region between the nucleus and the kinetoplast (mitochondrial genome) and close to the point of flagellum entry into the cell (Fig. 1C, arrowhead) . This is consistent with an FPC localization and matches the distribution seen for the endogenous protein (12) . TbBILBO1-NTD displayed a cytoplasmic distribution, suggesting that it was not required for targeting ( Fig. 1D ). Consistent with this, TbBILBO1-⌬NTD exhibited an identical localization to TbBILBO1-FL ( Fig. 1E, arrowhead) . It was concluded that the NTD does not appear to be required for targeting of TbBILBO1 to the FPC. The expression of all truncation constructs was verified by immunoblots of whole cell lysates taken from transfected cell cultures (Fig. 1F) . FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
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Overexpression of TbBILBO1-⌬NTD Has a Dominant Negative Effect on Cell Growth-As the localization data indicated that the TbBILBO1-NTD was not required for targeting, it was hypothesized that it performed a functional role. If so, then the TbBILBO1-⌬NTD construct lacking the NTD should have a dominant negative effect when overexpressed. To test this, stable cell lines inducibly expressing either Ty1-tagged TbBILBO1-FL or TbBILBO1-⌬NTD were generated. PCR amplification of genomic DNA confirmed that the transgenes were present ( Fig. 2A ). Tight and tetracycline-inducible control over protein expression was confirmed by immunoblotting with anti-Ty1 antibodies (Fig. 2B ). As expected, both constructs localized correctly to the region of the cell corresponding to the FPC; in the absence of tetracycline no expression was seen (Fig.  2, C-E) . Expression of each construct was then induced over a range of drug concentrations, and the effect on cell growth was measured. Overexpression of Ty1-TbBILBO1-FL caused only mild growth inhibition even at the maximal concentration of tetracycline tested; however, overexpression of Ty1-Tb-BILBO1-⌬NTD caused a strong growth defect. Complete growth inhibition was achieved at 20 ng/ml tetracycline (Fig.  2F) . This supported the hypothesis that there is an essential requirement for the NTD in vivo. Immunoblots confirmed that the two constructs had roughly comparable expression levels at each drug concentration (Fig. 2G) .
The NTD Has a Ubiquitin-like Fold-Given that in silico analysis had suggested the TbBILBO1-NTD had a novel fold and in vivo data supported the notion that it might perform an essential function, structural studies on the NTD were carried out.
Recombinant TbBILBO1-NTD was expressed in E. coli and purified to homogeneity. The purified protein was monomeric, soluble, and properly folded as indicated by the well dispersed resonances in a HSQC spectrum (Fig. 3A) . The three-dimensional structure was subsequently determined by multidimensional NMR spectroscopy. Distance constraints were derived from observed NOE intensities; torsion angle and hydrogen bond constraints were derived for the regions with regular ␤ strand or ␣ helical secondary structure ( Table 1) . Superposition of 10 final models with minimal total energy and minimal restraint violations showed an overall well folded structure with a relatively flexible C-terminal tail (residues 95-110) (Fig. 3B ). The overall structure had an elongated shape and consisted of five ␤ strands (␤1-␤5) and one ␣ helix (␣1). The ␣ helix was packed diagonally across one side of the five-stranded ␤ sheet (Fig. 3C) . The flexible C-terminal tail was loosely twisted around one end of the elongated structure.
The solved NMR structure allowed a search using the threedimensional structure-based protein comparison program DaliLite v3 (20) . Unexpectedly, given the lack of any homology at a primary structural level, the top hit of the searches was the PB1 domain of Par6, which has a ubiquitin-like fold. The root mean square deviation was 2.4 Å (Z ϭ 5.2) for backbone atoms in the 70 aligned residues, suggesting a high similarity between the two structures ( Fig. 3D ). Although the topological arrangement of the five-stranded ␤ sheet and the ␣ helix in the two structures is very similar, ␤1, ␤2, and ␣1 are all significantly longer in the TbBILBO1-NTD, leading to a more elongated structure for the TbBILBO1-NTD as a whole (Fig. 3E) .
The NTD Has a Conserved Surface Patch Essential for TbBILBO1 Function-The three-dimensional structure of the NTD revealed the presence of an extensive conserved patch. This patch is on the solvent-exposed side of the ␤ sheet and contains four aromatic residues (Phe-12, Trp-71, Tyr-87, and Resonance assignments for all resolved cross-peaks are labeled. B, two views of superimposed 10 energy-minimized NMR conformers of the TbBILBO1-NTD. C, ribbon diagram of the TbBILBO1-NTD structure, color-ramped from blue at the N terminus to red at the C terminus. The five ␤ strands (␤1-␤5) and the single ␣ helix (␣1) are labeled. D, structural comparison between the TbBILBO1-NTD and the ubiquitin-like PB1 domain of Par6 (Protein Data Bank ID code 1WMH). E, two different views of the TbBILBO1-NTD structure superimposed on the Par6-PB1. FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
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Phe-89) and three basic ones (Lys-15, Lys-60, and Lys-62) (Fig.  4A ). These residues together generate a crater-like structure on an otherwise flat surface, with three of the four aromatic residues (Trp-71, Tyr-87, and Phe-89) lying at the bottom of the crater and four other conserved residues forming the surrounding rim (Fig. 4B) . A primary sequence alignment of the NTD from several trypanosomatids showed that this patch is highly conserved (Fig. 4C ).
To find out whether this surface patch is essential for the function of the TbBILBO1-NTD, two site-directed mutagenesis constructs were derived from TbBILBO1-FL (Fig. 4C ). Mut1 (F12A, K15A, K60A, and K62A) substituted the "rim" residues with alanines; Mut2 (W71A, Y87A and F89A) substituted the aromatic "bottom" residues with alanines. Stable cell lines inducibly expressing the respective mutagenized constructs with N-terminal Ty1 epitope tags were generated. As before, integration of the transgene into the genomic DNA was confirmed by PCR, and tight and inducible expression was verified by immunoblotting with anti-Ty1 antibodies (Fig. 4, D and E) . Correct localization of the two mutagenesis constructs was confirmed by immunofluorescence using anti-Ty1 antibodies (Fig. 4, F and G) . The effects of overexpression of the two mutagenesis constructs were then compared with overexpression of Ty1-TbBILBO1-FL and Ty1-TbBILBO1-⌬NTD. Approximately equivalent expression levels of the four constructs at each tetracycline concentration used for induction were verified by immunoblotting (Fig. 4I) . Remarkably, both mutagenesis constructs recapitulated the level of growth inhibition seen upon deletion of the entire NTD (Fig. 4H) . The tetracycline concentrations required to reduce cell growth by 50% (IC 50 ) for Ty1-TbBILBO1-⌬NTD, -Mut1, and -Mut2 were calculated to be 4.5, 6.3, and 5.8 ng/ml, respectively. This is Ͼ1 
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α-Ty1
Ty1-TbBILBO1-Mut1 order of magnitude lower than the value calculated for Ty1-TbBILBO1-FL (77.9 ng/ml). Quantitative immunoblotting estimated the amount of overexpression of the inhibitory constructs to be more than five times over the levels of the endogenous TbBILBO1 protein. 5 To observe the effect of deletion of the NTD and the two mutations in vivo, cells overexpressing these Ty1-tagged TbBILBO1 constructs were analyzed by immunofluorescence microscopy. In dividing cells, Ty1-TbBILBO1-FL was associated with both the old and new flagellum (Fig. 5A, arrows) . Interestingly, cells overexpressing Ty1-TbBILBO1-⌬NTD, -Mut1, and -Mut2 all exhibited detached new flagella at the posterior end of the cell (Fig. 5, B-D, arrowheads) . The new FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
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kinetoplast was near this new flagellum, but Ty1-TbBILBO1-⌬NTD, -Mut1, or -Mut2 labeling was associated only with the old but not the new flagellum (Fig. 5, B-D, arrows) . The TbBILBO1-Mut2 construct was consistently found to form thread-like morphologies, whereas the others exhibited a more canonical punctate morphology (Fig. 5D ). These morphological alterations of the cells overexpressing Ty1-TbBILBO1-⌬NTD, -Mut1, and -Mut2 were strikingly similar to those described upon depletion of TbBILBO1 by RNAi. In TbBILBO1 RNAi cells, a feature associated with the detached posterior flagellum is the presence of the nucleating basal body at the plasma membrane (12) . To analyze whether the detached flagella were proximally associated with a basal body, the cells were co-labeled with TbCentrin4. TbCentrin4 localizes to both the basal body and a cytoskeletal structure called the bilobe (21, 22) . In duplicating cells overexpressing Ty1-TbBILBO1-FL, TbCentrin4-labeled basal bodies were observed at the base of both old and new flagella (Fig. 6A) . Similarly, in duplicating cells overexpressing Ty1-TbBILBO1-⌬NTD, -Mut1, or -Mut2, TbCentrin4-labeled basal bodies were observed at the base of both the old and the detached new flagellum (Fig. 6, B-D, arrowheads) . No TbCentrin4-labeled bilobe structure was observed in the vicinity of the detached new flagellum (Fig. 6, B-D) . This indicated that the overexpression of Ty1-TbBILBO1-⌬NTD, -Mut1, and -Mut2 generated a dominant negative effect, with several aspects appearing to recapitulate the RNAi phenotype (12) .
Loss or Mutagenesis of the TbBILBO1-NTD Is Lethal-Deletion or mutagenesis of the TbBILBO1-NTD was sufficient to cause inhibition of cell growth (Fig. 4H ), but it was not clear whether this was due to cell cycle arrest or cell death. To test this, a propidium iodide/Annexin V viability assay was performed. Propidium iodide is a membrane-impermeant DNA dye, and a high signal indicates compromised cell viability; Annexin V binds to cells undergoing apoptosis. Overexpression of all four constructs was induced with 20 ng/ml tetracycline for 4 days, and the cells were then treated with fluorescein isothiocyanate-labeled Annexin V antibodies, stained with propidium iodide, and analyzed by FACS (Fig. 7A ). In the absence of tetracycline, most of the cells were viable with the majority of the population giving a low signal in each channel (Fig. 7B) . As a positive control for cell death, wild-type T. brucei cells were cultured with the addition of 4 mM DTT for 24 h. DTT causes endoplasmic reticulum stress and induces a spliced leader RNA silencing pathway leading to apoptosis. This stress response cannot be recovered even after DTT removal (23) . Under these conditions, few cells were viable with most of the population undergoing apoptosis/necrosis (Fig. 7C ). Overexpression of Ty1-TbBILBO1-FL did not significantly affect the viability of the cells, similar to the negative control ( Fig. 7D ). Conversely, overexpression of Ty1-TbBILBO1-⌬NTD, -Mut1, and -Mut2 showed that many of the cells in the population were undergoing apoptosis or necrosis ( Fig. 7, E-G) . Quantification of the results confirmed that deletion of the NTD of TbBILBO1 had the most severe effect on cell viability, with only 34.7% viable cells compared with Ty1-TbBILBO-Mut1 (42.9%) and -Mut2 (55.1%). In contrast, 96.3% cells overexpressing Ty1-Tb-BILBO1-FL were viable (Fig. 7H) . Therefore, the dominant negative effects seen upon overexpression of constructs lacking or with mutagenized versions of the TbBILBO1-NTD led to cell death.
DISCUSSION
TbBILBO1 is the only known FPC protein (12) . The results provided here show an essential requirement for a conserved surface patch in the NTD of this protein, which provides a basis for rational drug design and is expected to guide future studies on both TbBILBO1 and the FPC.
Transient expression of TbBILBO1 truncation constructs in vivo demonstrated that deletion of the NTD had no effect on targeting (Fig. 1E ). This nonrequirement for correct localiza-tion implied that the NTD could have a functional role. Consistent with this hypothesis, the inducible overexpression of a TbBILBO1 construct lacking the NTD produced a dominant negative effect and completely inhibited cell growth in a dosedependent manner (Fig. 2F) . The structure of the NTD was solved by NMR and revealed to have a ubiquitin-like fold (Fig.  3) . Importantly, this structural model revealed the presence of a conserved surface patch consisting of four aromatic and three basic residues that together form a crater-like structure (Fig. 4,  A and B) . Site-directed mutagenesis on the residues comprising either the rim or the crater bottom was sufficient to recapitulate the growth inhibition caused by deletion of the entire NTD when these constructs were overexpressed in vivo (Fig. 4H) . Cells that were overexpressing constructs either lacking the NTD or carrying the mutant versions produced morphological phenotypes that were consistent with published TbBILBO1 RNAi data (12) . FACS analysis on cells overexpressing the TbBILBO1-NTD deletion/mutant constructs confirmed that the effect was lethal, with an abundant production of necrotic cells (Fig. 7) . Therefore, the NTD of TbBILBO1 appears to be essential for its function in vivo.
It should be noted that the precise role of TbBILBO1 remains unclear. Based on published RNAi data (12) and the dominant negative overexpression data provided here, it is clearly involved in FP and FPC biogenesis, but its purpose in interphase cells is undetermined. Whatever that function is, the data provided here suggest that the NTD could possibly provide it. Interdomain pulldowns revealed that the NTD does not interact directly with other parts of TbBILBO1. 5 It is therefore pos- FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3733 sible that the conserved surface patch on the NTD may be the binding site for either an unknown essential component of the FPC or a key regulatory protein. Mutations disrupting their interaction might therefore have a catastrophic impact on the integrity and/or function of the FPC, leading to the same phenotype as the NTD deletion ( Fig. 4) .
Structure of the TbBILBO1 N-terminal Domain
It was reported previously that overexpression of untagged full-length TbBILBO1 is nontoxic (12) . The small size of the Ty1 epitope tag used in the in vivo studies here is presumably sufficient to prevent any deleterious effects on full-length TbBILBO1 function. The previous study also stated that overexpression of either N-or C-terminally EGFP-tagged TbBILBO1 caused a growth arrest and a dominant negative phenotype similar to that seen following RNAi depletion of the protein, namely a detached flagellum in an abnormally elongated cell posterior (12) . As here, no FPC was reported to be present at the detached posterior flagella. The authors postulated that this growth arrest was due to a dominant negative effect. Given the large size of the EGFP tag (37 kDa), it seems likely that this growth arrest was due to the EGFP module interfering with the normal function of the NTD. The fact that this arrest was seen also in C-terminal EGFP-tagged TbBILBO1 constructs supports the notion that the NTD (or EF-hand motifs) might communicate with the C termini of other TbBILBO1 molecules assembled in the FPC.
The data provided here not only corroborate these statements but also extend the conclusions to single-residue resolution. The fact that mutations of the aromatic and basic residues arranged in a surface patch on the NTD were sufficient to reca-pitulate the effect of deleting the entire domain strongly suggests that this is a key functional region of the molecule (Fig. 4 ). As such, this specific region represents a good candidate for pharmacological blockade. Given that orthologs of TbBILBO1 with high sequence conservation are present in other pathogenic trypanosomatids and that no orthologs exist in humans, the protein could present an attractive pan-trypanocidal drug target.
One further hypothesis is prompted by the structure of the TbBILBO1-NTD (Fig. 8A ). As noted, the Par6 protein also exhibits a ubiquitin-like domain and binds atypical protein kinase C (aPKC; Fig. 8B ). The structure of this complex has been solved (24) , allowing superimposition of the TbBILBO1-NTD (Fig. 8C) . Interestingly, the region of the TbIBLBO1-NTD corresponding to the aPKC-interacting interface in Par6 is blocked by the long loop at the C terminus of the NTD. A testable prediction is that this loop regulates the interaction of TbBILBO1 with other FPC proteins. Notable also is that the conserved surface patch is distal to this interaction surface. This could mean either that the function of the patch is unrelated to protein-protein interaction or that TbBILBO1 makes contacts via two separate interfaces as reported previously for regulating ubiquitin substrate release (25, 26) . Future work will test these hypotheses in depth.
In summary, this work has provided a structural insight into TbBILBO1, the first characterized and only known cytoskeletal protein in the T. brucei FPC. The conserved surface patch identified in the TbBILBO1-NTD appears to be essential for the proper function of TbBILBO1 in the parasite and therefore rep- resents an attractive candidate site for therapeutic drug design. Future studies will try to identify the interacting partner(s) of the TbBILBO1-NTD, its functional mechanism in vivo, and its possible regulatory interaction with the EF-hand motifs in the assembly and operation of the FPC.
